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Dihadron angular correlations in d+Au collisions at
√
sNN = 200 GeV are reported as a function
of the measured zero-degree calorimeter neutral energy and the forward charged hadron multiplicity
in the Au-beam direction. A finite correlated yield is observed at large relative pseudorapidity (∆η)
on the near side (i.e. relative azimuth ∆φ ∼ 0). This correlated yield as a function of ∆η appears to
scale with the dominant, primarily jet-related, away-side (∆φ ∼ pi) yield. The Fourier coefficients of
the ∆φ correlation, Vn = 〈cosn∆φ〉, have a strong ∆η dependence. In addition, it is found that V1 is
approximately inversely proportional to the mid-rapidity event multiplicity, while V2 is independent
of it with similar magnitude in the forward (d-going) and backward (Au-going) directions.
PACS numbers: 25.75.-q, 25.75.Dw
Relativistic heavy-ion collisions are used to study
quantum chromodynamics (QCD) at high energy den-
sities at the Relativistic Heavy Ion Collider (RHIC) and
the Large Hadron Collider (LHC) [1–5]. Final-state par-
3ticle emission in such collisions is anisotropic, quantita-
tively consistent with hydrodynamic flow resulting from
the initial-state overlap geometry [6, 7]. Two-particle
correlations are widely used to measure anisotropic flow
and jet-like correlations [8]. A near-side long-range cor-
relation (at small relative azimuth ∆φ and large rela-
tive pseudorapidity ∆η), called the “ridge,” has been ob-
served after elliptic flow subtraction in central heavy-ion
collisions at RHIC and the LHC [9–14]. It is attributed
primarily to triangular flow, resulting from a hydrody-
namic response to initial geometry fluctuations [15, 16].
As reference, p+p, p+A and d+Au collisions are of-
ten used to compare with heavy-ion collisions. Hydro-
dynamics is not expected to describe these small-system
collisions. However, a large ∆η ridge has been observed
in high-multiplicity p+p [17] and p+Pb [18–21] colli-
sions at the LHC after a uniform background subtrac-
tion. The similarity to the heavy-ion ridge is suggestive
of a hydrodynamic description of its origin, in conflict
with early expectations. Indeed, hydrodynamic calcula-
tions with event-by-event fluctuations can describe the
observed ridge and attribute it to elliptic flow [22, 23].
Other physics mechanisms are also possible, such as the
color glass condensate where the two-gluon density is en-
hanced at small ∆φ over a wide range of ∆η [24–26], or
quantum initial anisotropy [27].
Furthermore, a back-to-back ridge is revealed by sub-
tracting dihadron correlations in low-multiplicity p+Pb
from those in high-multiplicity collisions at the LHC [19–
21]. A similar double ridge is observed in d+Au collisions
at RHIC by PHENIX within 0.48 < |∆η| < 0.70 us-
ing the same subtraction technique [28]. A recent STAR
analysis has challenged the assumption of this subtrac-
tion procedure that jet-like correlations are equal in high-
and low-multiplicity events [29]. It was shown that the
double ridge at these small-to-moderate ∆η has a sig-
nificant contribution from residual jet-like correlations
despite performing event selections via forward multi-
plicities [29]. A recent PHENIX study of large ∆η cor-
relations, without relying on the subtraction technique,
suggests a long-range correlation consistent with hydro-
dynamic anisotropic flow [30]. In order to further un-
derstand the underlying physics mechanism, here in this
Letter, we present our results on long-range (large ∆η)
correlations in d+Au collisions at
√
s
NN
= 200 GeV as a
function of ∆η and the event multiplicity. The large ac-
ceptance of the STAR detector is particularly well suited
for such an analysis over a wider range in ∆η.
The data were taken during the d+Au run in 2003 by
the STAR experiment [31, 32]. The details of the STAR
detector can be found in Ref. [33]. Minimum-bias d+Au
events were triggered by coincidence of signals from the
Zero Degree Calorimeters (ZDC) [34] and the Beam-
Beam Counters (BBC) [33]. Particle tracks were recon-
structed in the Time Projection Chamber (TPC) [35] and
the forward TPC (FTPC) [36]. The primary vertex was
determined from reconstructed tracks. In this analysis,
events were required to have a primary vertex position
|zvtx| < 50 cm from the TPC center along the beam axis.
TPC(FTPC) tracks were required to have at least 25(5)
out of the maximum possible 45(10) hits and a distance
of closest approach to the primary vertex within 3 cm.
Three measurements were used to select d+Au events:
neutral energy by the ZDC and charged particle multi-
plicity within −3.8 < η < −2.8 by the FTPC [31, 32],
both in the Au-beam direction, and charged particle
multiplicity within |η| < 1 by TPC. Weak but posi-
tive correlations were observed between these measure-
ments; the same event fraction defined by these measures
corresponded to significantly different d+Au event sam-
ples [29]. In this work we study 0-20% high-activity and
40-100% low-activity collisions according to each mea-
sure.
The pairs of particles used in dihadron correlations are
customarily called the trigger and the associated particle.
Two sets of dihadron correlations are analyzed: TPC-
TPC correlations where both the trigger and associated
particles are from the TPC (|η| < 1), and TPC-FTPC
correlations where the trigger particle is from the TPC
but the associated particle is from either the FTPC-Au
(−3.8 < η < −2.8) or FTPC-d (2.8 < η < 3.8). The
pT ranges of the trigger and associated particles are both
1 < pT < 3 GeV/c. The associated particle yields are
normalized per trigger particle. The yields are corrected
for the TPC and FTPC associated particle tracking ef-
ficiencies of 85% ± 5% (syst.) and 70% ± 5% (syst.), re-
spectively, which do not depend on the event activity in
d+Au collisions [31, 32].
The detector non-uniformity in ∆φ is corrected by the
event-mixing technique, where a trigger particle from one
event is paired with associated particles from another
event. The mixed events are required to be within 1 cm in
zvtx, with the same multiplicity (by FTPC-Au or TPC)
or similar energy (by ZDC-Au). The mixed-event corre-
lations are normalized to 100% at ∆η = 0 for TPC, and
at ±3.3 for FTPC-d and FTPC-Au associated particles,
respectively.
Two analysis approaches are taken. One is to analyze
the correlated yields after subtracting a uniform combi-
natorial background. The background normalization is
estimated by the Zero-Yield-At-Minimum (ZYAM) as-
sumption [9, 37]. ZYAM is taken as the lowest yield
averaged over a ∆φ window of pi/8 radian width, after
the correlated yield distribution is folded into the range
of 0 < ∆φ < pi. The ZYAM systematic uncertainty is
estimated by the yields averaged over windows of half
and three half the width. We also fit the ∆φ correla-
tions by two Gaussians (with centroids fixed at 0 and pi)
plus a pedestal. The fitted pedestal is consistent with
ZYAM within the statistical and systematic errors be-
cause the near- and away-side peaks are well separated
in d+Au collisions. The systematic uncertainties on the
4correlated yields are taken as the quadratic sum of the
ZYAM and tracking efficiency systematic uncertainties.
The other approach is to analyze the Fourier coefficients
of the ∆φ correlation functions, Vn = 〈cosn∆φ〉. No
background subtraction is required. Systematic uncer-
tainties on the Fourier coefficients are estimated, by vary-
ing analysis cuts, to be less than 10% for V1 and V2, and
smaller than the statistical errors for V3.
Figure 1 shows the ZYAM-subtracted correlated yields
as a function of ∆φ in ZDC-Au low- and high-activity
d+Au collisions. The TPC-TPC correlation at large ∆η
is shown in panel (a), whereas the TPC-FTPC correla-
tions are shown in panels (b) and (c) for Au- and d-going
directions, respectively. The ZYAM statistical error is
included as part of the systematic uncertainty drawn in
Fig. 1 because it is common to all ∆φ bins. No difference
is observed in TPC-TPC correlations between positive
and negative ∆η, so they are combined in Fig 1(a). The
away-side correlated yields are found to be larger in high-
than low-activity d+Au collisions for TPC and FTPC-Au
correlations. The opposite behavior is observed for the
FTPC-d correlations, Fig. 1(c).
On the near side, the correlated yields are consistent
with zero in the low-activity events and, in FTPC-d, in
the high-activity events as well. (Note that the yield
value cannot be negative because of the ZYAM assump-
tion.) In contrast, in TPC and FTPC-Au, finite corre-
lated yields are observed in high-activity events. A sim-
ilar result was observed by PHENIX [30]. In Fig. 1, the
event activity is determined by ZDC-Au. For event ac-
tivity determined by FTPC-Au or TPC multiplicity, the
data are qualitatively similar. In Table I, the correlated
yields integrated over the near side (|∆φ| < pi/3) and
the away side (|∆φ − pi| < pi/3), normalized by the in-
tegration range, are tabulated together with the ZYAM
magnitude for low- and high-activity events determined
by the various measures.
For trigger particles in our pT range of 1 < pT <
3 GeV/c, the away-side correlation in d+Au collisions is
expected to be dominated by jet-like correlations [38]. In-
specting the near-side correlation amplitude at large ∆η,
any possible non-jet, e.g. anisotropic flow, contributions
on the away side should be order of magnitude smaller.
Perhaps the observed away-side dependence on ZDC-Au
event activity arises from a correlation between jet pro-
duction and the forward beam remnants. Or, the under-
lying physics may be more complex; for example the op-
posite away-side trends in the Au- and d-going directions
may arise from different underlying parton distributions
in high- and low-activity collisions. The finite correlated
yield on the near side is, on the other hand, rather sur-
prising because jet-like contributions should be minimal
at these large ∆η distances. Hijing simulation [38] of
d+Au collisions indicates that jet correlations within our
pT range after ZYAM background subtraction is consis-
tent with zero at |∆η| > 1.5.
To study the ∆η dependence of the correlated yields
in the TPC and FTPC, the correlation data are divided
into multiple ∆η bins. In Fig. 2(a), the near- and away-
side correlated yields are shown as a function of ∆η. To
avoid auto-correlations, we have used ZDC-Au for event
selections for both the TPC and FTPC correlation data.
Unlike in Fig. 1, the ZYAM statistical errors are depen-
dent of ∆η and are therefore included in the statistical
error bars of the data points. The away-side correla-
tion shape, noticeably concaved for TPC, is presumably
determined by the underlying parton-parton scattering
kinematics. On the near side, finite correlated yields are
observed at large ∆η on the Au-going side in all bins,
while the yields are consistent with zero on the d-going
side. As aforementioned, similar results have been previ-
ously observed in heavy-ion [9–14], p+p [17], and p+Pb
collisions [18–21]. There, the trigger and associated par-
ticles were taken from the same η region. As a result, the
correlated yields were approximately uniform in ∆η [39],
and were dubbed the “ridge.” In the three groups of cor-
relation data in Fig. 2(a), the trigger particles come from
the TPC, but the associated particles come from different
η regions. Significant differences in pair kinematics result
in the steps at ∆η = ±2 even though their ∆η gaps are
similar. Despite this, for simplicity, we refer to the large
∆η correlated yields in our data also as the “ridge.”
In order to elucidate the formation mechanism of the
ridge, we study in Fig. 2(b) the ratio of the near- to
away-side correlated yields. Because the ZYAM value is
common for the near and away side, its statistical error
is included as part of the systematic uncertainty; this
part of the systematic uncertainty is uncorrelated be-
tween ∆η bins. While the large peak at ∆η ∼ 0 is due
to the near-side jet, the ratio at ∆η < −1 is rather in-
sensitive to ∆η, whether the correlations are from TPC
or FTPC-Au. A linear fit (dashed-line in Fig. 2(b)) to
those data points at ∆η < −1 yields a slope parameter
of −0.023 ± 0.019+0.020−0.010 with χ2/ndf = 2.6/3, indicating
that the ratio is consistent with a constant within one
standard deviation. The rather constant ratio is remark-
able, given the nearly order of magnitude difference in
the away-side jet-like correlated yields across ∆η = −2
due to the vastly different pair kinematics. Since the
away-side correlated yields are dominated by jets [38],
the finite, ∆η-independent ratio at ∆η < −1 may sug-
gest a connection between the near-side ridge and jet
production, even though any possible jet contribution to
the near-side ridge at |∆η| > 1 should be minimal. On
the other hand, the near-side ridge does not seem to scale
with the ZYAM value, which represents the underlying
background. A linear fit to the ratio of the near-side cor-
related yield over ZYAM in the same ∆η < −1 region
gives a slope parameter of 6.5 ± 1.6+3.7−2.1 × 10−3, signifi-
cantly deviating from zero.
The correlated yields discussed above are subject to the
ZYAM background subtraction. Another way to quantify
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FIG. 1: Correlated dihadron yield, per radian per unit of pseudorapidity, as a function of ∆φ in three ranges of ∆η in d+Au
collisions. Shown are both low and high ZDC-Au activity data. Both the trigger and associated particles have 1 < pT < 3 GeV/c.
The arrows indicate ZYAM normalization positions. The error bars are statistical and histograms indicate the systematic
uncertainties.
TABLE I: Near- (|∆φ| < pi/3) and away-side (|∆φ−pi| < pi/3) correlated yields and ZYAM background magnitude, per radian
per unit of pseudorapidity, at large ∆η in low- and high-activity d+Au collisions. Positive(negative) η corresponds to d(Au)-
going direction. Both the trigger and associated particles have 1 < pT < 3 GeV/c. All numbers have been multiplied by 10
4.
Errors are statistical except the second error of each ZYAM value which is systematic and applies also to the corresponding
near- and away-side yields. An additional 5% efficiency uncertainty applies.
Event Event 1.2 < |∆η| < 1.8 Event −4.5 < ∆η < −2 2 < ∆η < 4.5
activity selection ZYAM near away selection ZYAM near away ZYAM near away
40-100% ZDC 1896±7+1−13 10±4 346±5 ZDC 978±2+1−2 2±1 55±1 361±1+1−2 1±1 38±1
0-20% 3043±11+15−26 53±7 456±7 1776±4+2−1 10±2 70±2 438±2+1−2 1±1 31±1
40-100% FTPC 1324±7+2−6 7±4 347±5 TPC 636±2+1−2 6±1 59±1 309±2+1−1 3±1 45±1
0-20% 3468±10+7−5 43±6 429±7 1899±3+2−5 15±2 75±2 445±1+1−3 2±1 27±1
the ridge is via Fourier coefficients of the azimuthal cor-
relation functions without background subtraction. Fig-
ure 3 shows the second harmonic Fourier coefficient (V2)
as a function of ∆η for both high and low ZDC-Au energy
collisions. The V2 values are approximately the same in
high- and low-activity collisions at large ∆η. Both de-
crease with increasing |∆η| from the small ∆η, jet dom-
inated, region to the large ∆η, ridge, region by nearly
one order of magnitude. The ∆η behavior of V2, a mea-
sure of modulation relative to the average, is qualitatively
consistent with the ∆η-dependent ratio of the near-side
correlated yield over ZYAM. One motivation to analyze
correlation data using Fourier coefficients is their inde-
pendence of a ZYAM subtraction procedure. One way for
V2 to develop is through final-state interactions which, if
prevalent enough, may be described in terms of hydro-
dynamic flow. If V2 is strictly of a hydrodynamic elliptic
flow origin, the data would imply a decreasing collective
effect at backward/forward rapidities that is somehow
independent of the activity level of the events.
To gain further insights, the multiplicity dependencies
of the first, second and third Fourier coefficients V1, V2
and V3 are shown in Fig. 4. Three ∆η ranges are pre-
sented for FTPC-Au, TPC, and FTPC-d correlations, re-
spectively. Results by both the ZDC-Au and FTPC-Au
event selections are shown, plotted as a function of the
corresponding measured charged particle pseudorapidity
density at mid-rapidity dNch/dη. The absolute value of
the V1 parameter in each ∆η range varies approximately
as (dNch/dη)
−1 (see the superimposed curves). This is
consistent with jet contributions and/or global statistical
momentum conservation. On the other hand, the V2 pa-
rameter in each ∆η range is approximately independent
of dNch/dη over the entire measured range (the dashed
lines are to guide the eye). Similar behavior of V2 is
also observed in p+Pb collisions at the LHC [13, 40, 41].
Figure 4 shows that the V3 values are small and mostly
consistent with zero, except for TPC-TPC correlation at
the lowest multiplicity.
In d+Au collisions, dihadron correlations are domi-
nated by jets, even at large ∆η, where the away-side
jet contributes [38]. The behavior of V1 suggests that
the jet contribution to Vn is diluted by the multiplicity.
The similar V2 values and ∆η dependencies in different
multiplicity collisions are, therefore, rather surprising.
In order to accommodate a hydrodynamic contribution,
there must be a coincidental compensation of the reduced
jet contribution with increasing multiplicity, over the en-
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error bars are statistical and histograms indicate the system-
atic uncertainties (for ∆η > 2 in (b) the lower bound falls
outside the plot). The dashed curve in (b) is a linear fit to
the ∆η < −1 data points.
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FIG. 3: The ∆η dependence of the second harmonic Fourier
coefficient, V2, in low and high ZDC-Au activity d+Au colli-
sions. The error bars are statistical. Systematic uncertainties
are 10% and are shown by the histograms, for clarity, only for
the high-activity data.
tire measured multiplicity range, by an emerging, non-jet
contribution, such as elliptic flow.
Whether or not a finite correlated yield appears on
the near side depends on the interplay between V1 and
V2 (higher order terms are negligible). Although the V2
parameters are similar, the significantly more negative
V1 in low- versus high-multiplicity events eliminates the
near-side V2 peak in ∆φ. The same applies also to the
TPC-FTPC correlation comparison between the Au- and
d-going directions. The V2 values are rather similar for
FTPC-d (forward rapidity) and FTPC-Au (backward ra-
pidity) correlations, but the more negative V1 for d-going
direction eliminates the near-side V2 peak. If the relevant
physics in d+Au collisions is governed by hydrodynam-
ics, then it may not carry significance whether or not
there exists a finite near-side long-range correlated yield,
which would be a simple manifestation of the relative V1
and V2 strengths.
Our V2 data are qualitatively consistent with that from
PHENIX [30]. While PHENIX focused on the pT depen-
dence, we study the Fourier coefficients as a function of
∆η afforded by the large STAR acceptance, as well as the
event multiplicity. Hydrodynamic effects, if they exist in
d+Au collisions, should naively differ over the measured
multiplicity range and between Au- and d-going direc-
tions. However, the V2 parameters are approximately
constant over multiplicity, and quantitatively similar be-
tween the Au- and d-going directions. On the other
hand, the correlation comparisons between low- and high-
activity data reveal different trends for the Au- and d-
going directions. The high- and low-activity difference in
the FTPC-Au correlation in Fig. 1(b) may resemble ellip-
tic flow, but that in the FTPC-d correlation in Fig. 1(c)
is far from an elliptic flow shape. In combination, these
data suggest that the finite values of Vn cannot be ex-
clusively explained by hydrodynamic anisotropic flow in
d+Au collisions at RHIC.
In summary, dihadron angular correlations are re-
ported for d+Au collisions at
√
sNN = 200 GeV as a
function of the event activity from the STAR experi-
ment. The event activity is classified by the measured
zero-degree neutral energy in ZDC, the charged hadron
multiplicity in FTPC, both in the Au-going direction,
or the multiplicity in TPC. In a recent paper we have
shown that the short-range jet-like correlated yield in-
creases with the event activity [29]. In this paper we
focus on long-range correlations at large |∆η|, where jet-
like contributions are minimal on the near side, although
the away side is still dominated by jet production. Two
approaches are taken, one to extract the correlated yields
above a uniform background estimated by the ZYAM
method, and the other to calculate the Fourier coeffi-
cients, Vn = 〈cosn∆φ〉, of the dihadron ∆φ correlations.
The following points are observed: (i) The away-side cor-
related yields are larger in high- than in low-activity col-
lisions in the TPC and FTPC-Au, but lower in FTPC-
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FIG. 4: Fourier coefficients (a) V1, (b) V2, and (c) V3 versus
the measured mid-rapidity charged particle dNch/dη. Event
activity selections by both ZDC-Au and FTPC-Au are shown.
Trigger particles are from TPC, and associated particles from
TPC (triangles), FTPC-Au (circles), and FTPC-d (squares),
respectively. Systematic uncertainties are estimated to be
10% on V1 and V2, and smaller than statistical errors for
V3. Errors shown are the quadratic sum of statistical and
systematic errors. The dashed curves are to guide the eye.
d; (ii) Finite near-side correlated yields are observed at
large ∆η above the estimated ZYAM background in high-
activity collisions in both the TPC and FTPC-Au (re-
ferred to as the “ridge”); (iii) The ridge yield appears
to scale with the away-side correlated yield at the cor-
responding ∆η < −1, which is dominated by the away-
side jet; (iv) The V2 coefficient decreases with increasing
|∆η|, but remains finite at both forward and backward
rapidities (|∆η| ≈ 3) with similar magnitude; (v) The
V1 coefficient is approximately inversely proportional to
the event multiplicity, but the V2 appears to be indepen-
dent of it. While hydrodynamic elliptic flow is not ex-
cluded with a coincidental compensation of jet dilution
by increasing flow contribution with multiplicity and an
unexpected equality of elliptic flow between forward and
backward rapidities, the data suggest that there exists a
long-range pair-wise correlation in d+Au collisions that
is correlated with dijet production.
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